Abstract-This article presents an approach to music interaction and creativity at both the symbolic and structural levels. Even if the creation of common music occurs at the symbolic level, the structural level allows interaction with music contents at a higher degree. This requires a tool to formalize music fragments and their relations in terms of transformation functions. Using Petri Nets as a tool, even real-time music composition is possible and, thanks to IEEE 1599, this interaction is performed simultaneously at different levels. After an introduction of the main concepts, the article describes a case study based on "Peaches en Regalia", by Frank Zappa, presented at the International Conference of Esemplastic Zappology, ice-Z, which took place in Rome on 9-10 June 2006. Finally, advanced realtime interaction scenarios will be presented.
I. INTRODUCTION
Application of Petri Nets to music has been investigated from two angles, i.e. from the analytical point of view and from the compositional one. The first approach uses known formalism to achieve a description of an existing music piece, while the latter permits to create new music pieces according to Petri Nets models In other articles, results of the use of Music Petri Nets have been presented, demonstrating in many cases their applicability both as a description and as a compositional tool.
In this article, the focus is on investigating methods to permit composers to interact with Petri Nets that model compositions, using them as tools to create new experiences for the listener, by modifying parameters of Petri Nets on-the-fly.
II. MUSIC PETRI NETS: AN OVERVIEW

A. Petri Nets
A Petri Net is a bipartite graph in which the nodes are called places and transitions -graphically represented, respectively, with circles and rectangles. Oriented arcs connect only nodes of different kinds, i.e. places to transitions and vice versa.
In Fig. 1 , an example of an elementary Petri Net is shown. P1, P2, P3, P4 are places, T1, T2, T3 are transitions, and the oriented lines represent arcs. The number sometimes associated to arcs is called arc weight, the meaning of which is explained below, while at any given time, every place holds a non-negative number of tokens, indicated by the upper numerical value inside the circle. The lower value indicates the capacity of the place, i.e. the maximum number of tokens that can be housed.
The dynamic evolution of a Petri Net is determined by the following firing rules (Fig. 2): a transition is enabled when all the incoming places of that transition present a number of tokens greater or equal to the weights of the corresponding incoming arcs, and -after the fire of the transition -the marking of all the output places will be less than or equal to their capacities; when a transition is enabled, its firing subtracts from the incoming places a number of tokens equal to the weights of the incoming arcs, and adds to each outgoing place a number of tokens equal to the weights of the corresponding outgoing arc.
B. Music Petri Nets
For music applications, a specific extension known as Music Petri Nets is available. In this implementation, music objects can be associated to places, and music operators to transitions. A music object may be anything that could have a musical meaning and could be thought as an entity, either simple or complex, abstract or detailed. A music operator provides a method to transform music objects, i.e. by transposing, time stretching, and generally by applying transformational algorithms. In Fig. 3 , two simple examples of music objects are presented.
In this approach, when a place receives a token, the associated music object, if present, is played, and the token will remain locked for the whole duration of the fragment. When a transition fires, its music operator changes the music objects associated with the incoming places and transfers them to the outgoing places. Transitions without music operators are used for mere net evolution (see Fig. 4 ).
Fig . 5 provides some examples of music structures, in order to illustrate respectively a fusion (two objects generating one object), a split (an object generating two objects), an alternative (a non-deterministic choice between two objects), and a joint structure (a logical connection between two objects).
At LIM (Laboratorio di Informatica), Petri Nets have been applied to music since 1982. In particular, early papers such as [5] investigated the possibility of describing causality in music processes through the formal approach of Petri Nets, while latter studies have focused on music creation.
Apparently, different applications of Petri Nets to music analysis do lead to contradictory results. Even though Ravel's Bolero has been described as in [8] , some limitations of this approach have become evident when attempts were made to model a complex work, such as Stravinsky's Rite of Spring [6] .
An important parameter that affects the adequacy of Petri Nets as description tool is the degree of detail the analysis wants to reach. As an example, let us cite the test case presented at CMMR 2005 [4] , where the first movement of a sonata by W.A. Mozart has been considered, the score of which score can not be described as a sequence of repetitive music objects, as a canon or a fugue. However, musicologists seem to agree about the existence of characteristic grouping structures: principal theme, secondary theme, middle themes, and about the macroscopic segmentation in the sonata: exposition, development, repeat, and coda. Thus, for the test case discussed in [4] , Petri Nets have proved to be: a very synthetic instrument to describe the macrostructure of the sonata form, requiring only very small amount of information; an efficient description instrument at a medium degree of abstraction (repetition of rhythmic and melodic patterns, transformation of themes in order to generate new music material); a completely inadequate tool to depict the status and the evolution of atomic music elements (chords, notes, rests).
III. PETRI NETS AND REAL-TIME INTERACTION
After the investigation of aspects of music analysis with Petri Nets, the use of formalism to interact with music in real-time will be described here.
A. Petri Nets and IEEE 1599
Thanks to the IEEE 1599 format, research projects at LIM have produced an evolution of the formalism, in which music objects -which can be, as stated, associated to places -are expressed in an XML dialect. This means that a Petri Net can contain places with associated IEEE 1599 fragments that express only the Logic part, or have a linked MIDI file, or have a linked video clip. When such a model is executed, the mixing process involves all IEEE 1599 fragments, even those associated with various kinds of music representations, thus generating a global IEEE 1599 file as output.
The adoption of the IEEE 1599 format allows the composer of Music Petri Nets to concentrate on the desired structure of the music piece, without having to mind lower level material involved in the mixing process, such as the file formats of the linked objects. The final result automatically generates synchronization of various kinds of music representation, permitting a new type of musical experience [1] [2] [3] .
B. Petri Nets and Real-Time
A real-time application of a Petri Net can be realized thanks to modifications of some peculiarities of the net at execution time. A simple application of this concept will be described in the next section with a music application based on a Petri Net model where a net parameter, the number of tokens of some places, can be dynamically changed while the music goes on.
The following deals with other modification possibilities that will be present in future releases of Petri Nets-based applications, together with real-time interaction considerations: changing capacities of places -only very low implication in terms of real-time interaction; changing tokens weights of arcs -considering transitions outgoing arcs, controlling the duplication of the same music fragments, and considering transitions input arcs, and changing the happening of firing rules; changing music fragments associated to places or algorithms associated to transitions -thus dynamically changing the musical content of the performance maintaining the underlying structure; adding/removing places, transitions or arcs -with big implications in terms of music performance, changing music contents together with the entire structure of the piece. With these potentialities in mind, the composer is able to start from a definition of a preliminary structure of the music piece, and then to interact with this model, or even to start from scratch and add Petri Nets components while the music is being created.
C. A Case Study: Zappa's "Peaches and Regalia"
Using the some simple concepts described above, an application based on "Peaches en Regalia" by Frank Zappa was presented at the ice-Z, International Conference of Esemplastic Zappology, which took place in Rome on 9-10 June 2006. Fig. 6 presents the main music fragments used in the Petri Net model. After a short drum introduction, fragment (a) is repeated four times, then fragment (b) is repeated two times, and finally fragment (c) leads to a series of improvised solos.
The Petri Net shown in Fig. 7 models the original version of the music piece as recorded by Frank Zappa. This means that, if the net is executed without changing the number of tokens in real-time, the original version is reproduced.
In this Petri Nets model, interaction is limited to addition/subtraction of tokens in the places represented with a white background, in order to maintain a similarity to the original result. Addition and subtraction of tokens has the following results: the number of tokens in the Start place controls how many times the entire music piece is repeated; the number of tokens in Repeat A and Repeat B places controls how many times fragments (a) and (b) are repeated; the presence of one or more tokens in the white input places of the two transitions Transpose + and Transpose -causes the transposition of fragment (a) by a major third higher or lower respectively. From Petri Nets execution rules, it follows that if both this places have more than zero tokens, a transition is chosen at random; the presence of one or more tokens in the white input places of the two transitions Time + and Timecauses time warping of fragment (b) to twice or half the original time, respectively. From Petri Nets execution rules, it clearly folows that if both this places have more than zero tokens, a transition is selected at random. Even though this model is very simple, the application demonstrates how an original music structure can be formalized, and how a performer can create different versions of the piece every time the net is executed.
Every IEEE 1599 fragment associated to places Start (the drum introduction), Load A, Load B and Play C has, aside from the Logic Layer, links to a graphical representation of the score and to an audio clip of the fragment. Because of these links, during execution of the net, the application plays the audio of that current fragment and displays on the screen the score being played, in a synchronized way. In addition to that, and thanks again to the IEEE 1599 format, an entire execution of the net mixes the XML fragments, produces a complete score, as well as a complete wave file of the music piece performed.
IV. CONCLUSIONS
In this article, some concepts about real-time music creation by Petri Nets have been presented. The originality of this approach is that music manipulation is performed at a high level. By using the IEEE 1599 format, the composer can concentrate on music structures and music fragments which are part of his/her music creation, since music information is automatically handled in a synchronized and heterogeneous way, and lower level integration is automatically performed by the computer.
In the future, consideration will be given to implementation of all the possibilities real-time modifications with Petri Nets, to obtain a complete and powerful framework of music live composition.
